Thermally conductive filled polymers enable the creation of multi-functional structures that offer both anchoring points for the embedded actuators as well as heat dissipation functions in order to facilitate the miniaturization of devices. However, there are two important challenges in creating these structures: (1) sufficient thermal management to prevent failure of the actuator, and (2) the ability of the actuator to survive the manufacturing process. This paper describes a systematic approach for design of multi-functional structures with embedded heat generating components using an in-mold assembly process to address these challenges. For the first challenge, development of appropriate thermal models is presented along with incorporation of in-mold assembly process constraints in the optimization process. For the second challenge, a simulation of the molding process is presented and demonstrated to enable determination of processing conditions ensuring survival of the in-mold assembly process for the embedded actuator. Thus, the design methodology described in this paper was utilized to concurrently optimize the choice of material, size of the structure and processing conditions in order to demonstrate the feasibility of creating multifunctional structures from thermally conductive polymers by embedding actuators through an inmold assembly process.
Introduction
Miniaturization is gaining interest in many applications, where size and weight play an important constraint. Some of these applications include hard disks, cameras, cell phones, micro air vehicles, medical robots, and drug delivery systems. In-mold assembly using conventional manufacturing processes like injection molding can improve the miniaturization process by overcoming manufacturing limitations related to the challenges of integrating small functional components, such as actuators, into miniaturized polymeric structures by eliminating the manual assembly operation [1] . This however poses two important challenges. The first is thermal management, since embedded actuators generate heat during operation that must be dissipated. If the heat dissipation is not sufficient, the heat generated by actuators will increase the temperature at the interface between the embedded actuator and anchoring polymer structure causing either (a) the polymer at the interface to melt resulting in failure of the anchoring point for the actuator or (b) overheating of the actuator, both of which will lead to subsequent dysfunction of the actuator. Therefore a "multi-functional" structure is required, which will serve as a structural housing and also as the heat sink for the embedded actuator. The second important challenge is the ability for the actuators to survive the in-mold assembly process. Injection of a polymer melt into a mold cavity under high pressure has the potential for destroying delicate features of the actuators before they are fully embedded, which may prevent proper functioning of the actuator.
Several researchers have previously reported embedding actuators in polymers for robotic structures. However, they do not discuss the thermal challenges due to the use of polymers as the structure material, required from the injection molding point of view. Kim and Tadokoro [1] present modeling, analysis and control method of a prestrained dielectric elastomer actuator being embedded in a segment of an ANTLA inchworm microrobot. Three ANTLAs embedded in the metameric structure of the robot provide 3 DOF actuation. They present a prototype capable of translational motion, however the scale and actuation method is mainly targeted at a morphological structure similar to an annelid. Rosmarin and Asada [2] developed a humanoid hand with hybrid DC motor-SMA actuator arrays embedded in the palm. ABS fingers are actuated by a series of pulleys driven from the palm, which is composed of steel plates. The authors mention using cooling fans, which suggests that even though the SMA wires are not directly embedded in the polymer structure, there is a need for active cooling.
We will use miniature robots to illustrate the problems associated with thermal management of heat generated by embedded actuators. For example, insufficient dissipation of heat generated by embedded actuators has been observed in miniature robotic devices, such as the Minimally Invasive Neurosurgical Intracranial Robot (MINIR) [3] or flapping wing micro-air vehicle (MAV) [4] . The MINIR, developed in the RAMS Lab, was assembled from Delrin machined parts and SMA wires threaded through them. Due to the absence of active cooling or adequate passive heat dissipation, the embedded SMA wire actuators heated up the anchoring polymer structure during operation, causing the anchoring polymer structure to reach its softening temperature which resulted in loss of load transfer to the structure. In the MAV application, a DC motor used as an actuator was placed in an ABS mechanism frame. This actuator was cooled in-flight by the air flowing over it, and hence functionality was maintained. However, overheating was observed while testing the MAV in a fixed stand over the long periods of time due to reduced air flow.
In many small scale applications the utilization of heat sinks commonly used at the macroscale is not a viable option due to reduced weight and size budget. Using an active cooling method may also not be an acceptable option due to the additional power consumption, weight and complexity it introduces. Filled polymer composites are already gaining interest by researchers in many areas [5] [6] . Since thermally conductive filled polymers are promising for the heat dissipation function, their thermal behavior needs to be characterized when using them for the embedding of actuators. Many injection-moldable filled polymers currently available on the market have thermal conductivities which are an order of magnitude higher then bulk unfilled polymers (see Table 1 ). Using these materials allows for creating multi-functional structures that offer both anchoring points for actuators, as well as heat dissipation function. Several researchers have studied the thermal performance of these materials, however they have not investigated the possibility of their application to in-mold assembly process.
Weber et al. [7] observed synergistic effect of combining different carbon fillers on thermal conductivity of carbon filled nylon 6,6 and polycarbonate based resins. The three carbon fillers investigated included an electrically conductive carbon black, synthetic graphite particles, and a milled pitch-based carbon fiber. They determined the effects and interactions of each filler on the thermal conductivity properties of the conductive resins.
Bahadur and Bar-Cohen [8] investigated the thermal performance limits of a polyphenylene sulphide polymer composite pin fin heat sinks cooled with air. They analytically predicted the thermal performance across an extensive parametric space in terms of the primary thermal metrics and identified the thermal performance limits. They showed that PPS heat sinks are a viable alternative material for energy efficient heat sink design with thermal performance comparable to aluminum and copper heat sinks at low fin densities and pumping power.
Bahadur [9] also presented thermal simulations and measurements with application to heat sink design fabricated out of thermally conductive polymer composites. He presents theoretical models and validation techniques to predict and optimize the filler orientation for the heat dissipation function, however this work is addressing only pin pins heat sink designs. Dogruoz et al [10] studied thermal performances of advanced heat sink materials via computational models, and compared them with Aluminum heat sinks. They presented transfer functions based on the heat sink geometry, material properties (thermal conductivity) and the base temperature.
Egelkraut et al. [11] demonstrated the potential of highly filled polymers for packaging solutions in power electronics and present a packaging technology for passive devices. They used a choke for a high power multiphase DC/DC converter packaged in a highly filled thermal conductive thermo-plastic polymer using an injection molding process. Based on thermal simulations, polymers with different Al 2 O 3 filler volume fractions were produced and used as housing. The high filler volume fraction and the thermal conductivity led to changes in process conditions, especially with respect to temperature and pressure during the molding process. This paper introduces a design methodology for filled polymer structures with embedded heat-generating actuators using an in-mold assembly process, taking into account the processing conditions. The thermal behavior of thermally conductive filled polymers is characterized and modeled for the in-mold assembly process. Both thermal and processing models are developed for predicting thermal management and survivability of the embedded actuator respectively using commonly available software packages. Experiments are designed and performed using resistors as surrogate heat generating elements to calibrate the models. Both unfilled Polyamide 12 and a PA 12-based thermally conductive filled polymer were used in order to determine the difference in operating temperature for unfilled and filled structures. The thermal models are then used to investigate the sensitivity of the filler orientation resulting from the in-mold assembly process to the heat dissipation function. Experiments were then conducted to determine if the thermal properties of the thermally conductive filled polymers are sufficient to run embedded actuators at an acceptable temperature that ensures both structural and thermal functionality. Finally, the processing model is used to determine processing conditions ensuring motor survivability during in-mold assembly, and then experiments are conducted to demonstrate feasibility of creating multi-functional structures from thermally conductive polymers by embedding actuators through an in-mold assembly process.
Overview of the Design Process
This section describes the overall approach for designing structures with embedded actuators to be manufactured using in-mold assembly process. The goal of the approach is to concurrently optimize the choice of material, size of the structure and processing conditions. The objective function of this optimization is to minimize the weight for miniaturization of robotic devices, but it can be also chosen to be compatible with any other design requirements. In order to perform this optimization process, first a selection of moldable material needs to be made for ensuring the thermal performance. Next, the appropriate thermal model of the structure needs to be developed to asses if the heat from the actuator is dissipated sufficiently through the filled polymer structure. The actuator to be embedded imposes certain constraints due to its strength to eliminate the possibility of damaging the actuator due to forces exerted by the manufacturing process. Finally, the geometry of the structure and in-mold assembly processing conditions needs to be parameterized. The overall general approach is outlined in Fig. 1 .
The development of thermal model of the structure with embedded actuator is usually not straight forward due to various parameters that need to be considered. Thermal conductivity of injection-moldable polymers is enhanced by adding conductive fillers (usually carbon microfibers) to the polymer. These fillers tend to get aligned with the polymer flow during injection into the mold, resulting in non-isotropic thermal and mechanical properties. These properties can be controlled through careful gate positioning in the mold to control fiber orientation during flow of the polymer melt. Accurate modeling of thermal properties resulting from the fiber orientation is a very complicated task. However, for the heat dissipation capability assessment, the tedious orthotropic modeling may not be required once a material with sufficient thermal conductivity is chosen, since only sufficient heat transfer path is required from the design point of view. Nevertheless, the actual value of thermal conductivity has to be chosen with care. Also, establishing the natural free convection coefficient for the thermal model is not obvious, as it depends on both material characteristics and the geometry. Section 3 of this paper presents a systematic approach of determining these thermal modeling variables with sufficient accuracy for the heat dissipation task.
After developing the appropriate thermal model, the structure geometry and process parameters need to be parameterized for the optimization procedure. Depending on the functional requirements of the designed part the design variables and parameters have to be chosen appropriately. These will include the parameterized geometry of the structure as well processing conditions. The mold used for in-mold assembly, in addition to all regular mold designing rules, needs to be designed in a way to allow for fixating actuators in order for them to be embedded correctly. This also requires securing heat sensitive features of the actuators from the hot polymer melt. The actuator to be embedded will also pose certain constraints on the process parameters. The injection temperature and pressure are the most important parameters to be controlled, ensuring both proper filling of the mold and survivability of the embedded actuator. The temperature of the polymer melt has to be chosen correctly, so that the viscosity of the melt will be sufficient to fill the mold cavity. At the same time, it can not thermally shock the embedded component. The injection pressure has to be also chosen correctly to allow for filling of the entire mold cavity and ensure that the embedded component will not experience plastic deformation over the acceptable limit. Therefore the actuator constraints on the process parameters need to be incorporated to the parametric optimization to ensure functionality of the final product, which will be discussed in Section 4 of this paper.
Acquiring Experimental Data for Model Calibration
A heat dissipation experiment was designed and performed to verify and calibrate the thermal FEA modeling approach for a structure with an embedded electronic element as a heat source. For sample preparation, Grilamid L16 Natural from EMS-Chemie was used as the bulk polyamide material and thermally conductive NJ-6000 TC polyamide compound from PolyOne as the filled polymer. Hence, it was possible to quantify and justify the difference made by using thermally conductive polymers to dissipate heat from embedded actuators. The main physical properties of the materials are listed in Table 1 .
A 1 Watt, 1 k-Ohm metal-oxide resistor from Radio Shack was used as the electronic component producing heat during operation. The resistor was placed in the center of the cylindrical cavity of the mold. Precision-milled cavities on the parting surface of both mold halves ensured adequate clamping, and hence accurate positioning of the resistor. A thermocouple was also placed in the mold cavity to allow for experimental verification of the modeling approach by direct temperature measurement of the embedded resistor. The thermocouple was supplied through a hole in the back of the mold, opposite to the sprue/gate. The mold assembly is shown in Fig. 2 . Distance disks were used to overcome mold filling difficulties. A Babyplast injection molding machine was used to assemble the samples in-mold during injection. The resistivity of the resistor was measured before and after embedding with a Fluke 87 True RMS Multimeter and determined to be within 8% from the nominal value, thereby verifying that no damage occurred during the in-mold assembly process.
In order to control the amount of heat generated, the embedded resistors were connected to a HP Harrison 6205B Power Supply at 31.62 V. The amount of heat generation was verified by direct measurement of the current in the resistor circuit. The temperatures were recorded by Omega® HH506R Thermometer, which transferred the data to a PC through a RS-232 port. Using Omega® IV Recording Software, it was possible to automatically measure two temperatures for extended periods of time. This, along with shielding of the experimental setup, ensured the steady-state natural convection conditions. First, the ambient temperature was recorded along with temperatures in different points on the surface of the cylinder. In the second setup, the ambient temperature was measured along with the embedded thermocouple reading. All thermocouples used in the experiment were Omega® 5TC-GG-K-20-36. Table 2 contains the dimensions of prepared samples. A schematic of sampling points is shown in Fig. 3 . However, sectioning of in-mold assembled samples showed that the embedded thermocouple may not necessarily be in contact with the resistor, which will be further discussed in Section 3.3.
Thermal Model Description
The thermal FEA model of the samples described in Section 3.1 was developed using SolidWorks 2007 software. The model consists of an assembly of resistor and polymer casing with heat power and convection boundary conditions applied. The resistor is an assembly of two leads and a ceramic casing, with the 1W heat power applied to the inside cavity surfaces in a ratio corresponding to surface area. The free convection is applied to all outside surfaces of the sample assembly. The FEA model is shown in Fig. 4 , and the applied boundary conditions are illustrated in Fig. 5 . The assembly was meshed with an element size of 1.046 mm and a tolerance 0.052 mm, which resulted in 83,823 total nodes and 59,002 tetrahedral elements.
Model Calibration
The thermal conductivity of the filled polymer depends on fiber orientation of the filler, which is not necessarily uniform across the sample. Therefore, experimental results from a bulk polyamide sample without filler were first used to validate and calibrate the model. Since the thermal conductivity of the unfilled polymer is isotropic and does not change substantially after injection molding, it ensures uniform heat dissipation and accurate material properties for input into the simulation.
In order to assign adequate material properties to model the embedded surrogate, the resistor was disassembled to determine the materials that were used in its fabrication, as well as their geometries. The casing material was a carbon ceramic measured to be 0.15 mm, while the electrical leads were determined to be copper.
Free convection was applied to all outside surfaces of the sample assembly. However, the resistor leads have two orders of magnitude higher thermal conductivity compared to the other components, and the heat from the embedded resistor dissipates through them more quickly than through the polymer casing. Due to the much smaller area of the leads and their higher temperature, natural convection conditions with different coefficients were applied to the leads and the casing. The values of h were calibrated with experimental data to be 60 and 30 W/m 2 -K respectively. The thermal properties of the materials used in the FEA model are listed in Table 3 .
Sectioning of the bulk polymer sample showed that the thermocouple was 1.5 mm away from the resistor, due to forces imposed on it while melt injection to the mold. Therefore, the temperature field resulting from the FEA simulation was compared with corresponding experimental data at the thermocouple location. The thermocouple reading was 63.3°C, the corresponding FEA result was 66.9°C and the embedded resistor surface temperature resulting from FEA was 88°C. The cross section temperature field FEA result is shown in Fig. 6 . Since the maximum error in the FEA prediction was less then 10%, it was determined that the modeling approach was capturing the physics of the thermal conduction process with sufficient accuracy to warrant proceeding to modeling and experimental validation of the thermally conductive filled polymer specimen.
Modeling of Thermally Conductive Polymer Structures
Since thermal conductivity of the filled polymer depends on fiber orientation of the filler and will not necessarily be uniform across the sample, the modeling approach had to be modified to account for the directionality of the heat conduction that would result from the fiber orientations obtained after the in-mold assembly process. In addition, due to more demanding processing conditions for the filled polymer, voids can potentially develop inside the specimen that must be accounted for in the modeling. Voids (or air traps) are formed when converging flow fronts surround and trap a bubble of air. This is usually caused by racetrack effect, hesitation, unbalanced flow paths or improper venting [15] . Since this work was focused on the practical application of the filled polymers, rather then optimizing the runner system to achieve balanced flow, we tried to model the actual sample as realistically as possible. Therefore, sectioning of the experimental sample was performed by placing it in a milling machine and removing 1 mm thick layer of the material at a time, followed by photographic examination of the cross-section. The photographs revealed the actual void distribution inside the sample, as seen in Fig. 7 . This data was then used to introduce simplified voids in the model of the polymer in which the electronic component is embedded. The resulting model with voids is shown on Fig. 8 and was substituted for the previous model to perform the thermal analysis.
After modeling the voids, the fiber orientation had to be accounted for inside the filled polymer specimen. For this purpose, a CFD flow simulation was performed inside the mold using Moldflow Plastics Insight 6.1 to obtain the 3D fiber orientation tensor (degree of orientation). Numerical prediction of the 3D fiber orientation during mold filling in Moldflow is based on an equation of motion for rigid particles in a fluid suspension. The analysis consists of two identifiable terms: (1) the hydrodynamic term [16] and (2) the interaction term [17] . The process simulation settings used are listed in Table 4 . The resulting "tensor principal vector as segments" was plotted and scaled to display only the vectors which were aligned more than 75%. These plots were obtained for 5 mm long portions of the cylinder to clarify variation of the results across the axis of the specimen. Sample plots are shown in Fig. 9 .
After careful analysis of the above results, it was determined that the cylinder model for the polymer composite could be partitioned into two sub-parts along the length to reflect the directional thermal conductivities based on fiber orientation. These "discretization" approaches have been previously used in modeling processing and performance effects on complex material distributions in composite materials such as Functionally Graded Materials, where the compositions can be continuously varying [18] [19] [20] .
Due to the directionality of the fibers, the "high" value of k is used along the hoop direction in the bigger partition and along the radial direction in the smaller partition. According to the manufacturer, the thermal conductivity along the perfectly aligned fibers is 11 W/m-K. Given the level of misalignment that was permitted in defining the partitions, the "high" value of k was taken to be 10 W/m-K along the fiber orientation direction. Using a standard rule-of-mixtures formula for transverse and longitudinal conduction relative to the direction of fiber reinforcement for a transverse isotropic material, a value of 1 W/m-K was used in the two other principal directions [21] . The final simplified model is shown in Fig. 10 .
Using this model and the same boundary conditions as in the bulk polymer sample, the thermal FEA simulation was performed, and the resulting thermal plot shown in Fig. 11 was compared with experimental data for the filled polymer sample. The maximum predicted temperature error was found to be less then 11%, therefore verifying that the model approach was sufficiently accurate for thermally conductive filled polymers. The thermocouple reading was 50.5°C, the corresponding FEA result was 45.3°C and the embedded resistor surface temperature resulting from FEA was 51.1°C. These values when compared with the results from the bulk polymer case indicate a significant 40% reduction in the operating temperature of the embedded resistor. Therefore, these results justify the use of thermally conductive filled polymers as the material of choice for embedding actuators. However, one has to keep in mind that a high filler volume fraction responsible for the increased thermal conductivity of the polymer also affects the composite mechanical properties, making the material more brittle. Therefore additional analysis may be needed for structurally critical designs.
Analysis of Thermal Conductivity for Filled Polymers
After developing a suitably accurate thermal FEA model accounting for the effects of fiber orientation in the filled polymers resulting from the in-mold assembly process, it was possible to predict trends for the thermally conductive, filled polymers. First, the sensitivity of the actual operational temperature and heat dissipation of the embedded component was assessed relative to the directional thermal conductivity resulting from the in-mold assembly process. The model described in Section 3.2 was used with some modifications to the polymer cylindrical casing. Instead of a single part with uniform isotropic properties, it was modeled as an assembly of three cylinders, which combined together to form the original part. Then, different directional values of thermal conductivities were assigned to each of the three cylinders. The modified FEA model is shown in Fig. 12 . To address the processing conditions, the "high" thermal conductivity direction of the middle part was modeled to be aligned with the injection direction, marked on Fig. 12 with a dotted arrow. For the outer cylinders, the directional thermal conductivity was aligned with the axis of the leads. Then, the values of these thermal conductivities were varied to assess their influence on actual heat dissipation. The variation of the values was done in the following manner: using integer increments, the "high" k (i.e., along the orientation of the fibers) was varied from 4 to 10 W/m-K, while keeping the sum of thermal conductivities in all three principal directions at a constant value of 12. Note, that in the case of k=4, the model had a uniform distribution of k in all directions and represented an isotropic case. With this model, it was possible to predict the maximum surface temperature of the embedded resistor with respect to the fiber orientation. The results of this study are presented in Table 5 . The temperature field for the most anisotropic case (principal values 1-1-10/1-10-1) is shown in Fig. 13 .
It can easily be concluded from Table 5 that the variation of the directional thermal conductivities across the sample does not influence the operating temperature of the embedded heat-generating electronic component in a significant manner, as long as the value of k is high enough. Therefore it was concluded that for this structure with an embedded electronic component, tedious and sophisticated modeling of directional thermal conductivities resulting from manufacturing process can be significantly simplified and reduced, or even omitted.
Next, it was desirable to understand how much can be gained by using polymers with increased thermal conductivity. Therefore based on the previous results, the value of k was varied isotropically and plotted against the predicted surface temperature of the embedded resistor. The resulting plot is shown in Fig. 14 . From this numerical study, it was concluded that increasing the value of thermal conductivity of the polymer from 0.22 to 2 W/m-K results in a 50% temperature drop of the embedded resistor in operation. However, further increase of k does not substantially decrease the surface temperature of the resistor therefore this value represents an effective "cut-off" for the change in the surface temperature of the resistor with thermal conductivity. This cut-off point can be attributed to free convection in air being the "bottleneck" for heat dissipation. Nevertheless, using thermally conductive polymers shows significantly improved heat dissipation and promising use of these materials as multi-functional anchoring structures to facilitate miniaturization of devices.
Incorporating In-mold Assembly Process Constraints during the Optimization
The mold used for in-mold assembly, in addition to all regular mold designing rules, needs to be designed in a way to allow for fixating actuators in order for them to be embedded correctly. This also requires securing heat sensitive features of the actuators from the hot polymer melt. During injection molding, the high-pressure polymer melt being injected into the mold cavity has the potential to destroy delicate features of the actuator before it is fully embedded, which may prevent the actuator from functioning properly. The injection temperature and pressure are the most important parameters to be controlled, ensuring both proper filling of the mold and survivability of the embedded actuator.
To demonstrate the feasibility of embedding actuators using the in-mold assembly process, a case of an actuator anchored in a polymer structure was studied. A simple motor holder was designed to reveal the difference in heat dissipation when the actuator is placed in a thermally conductive polymer versus a bulk polymer structure. The same polymers were used as in the experiment described in Section 3.1, while a Didel SS 7 mm blue pager motor producing a maximum of 1.5 W was used as the power input. The structure was designed for a 12-teeth pinion on the motor shaft to be engaged with a 60-teeth spur gear on the output shaft. The output shaft was placed in an in-mold assembled brass sleeve to minimize friction.
Initial experiments indicated that the steel motor housing was being permanently deformed while injecting the polymer into the mold cavity. This survivability issue had to be addressed by determination of correct size of the embedding structure and the packing pressure during injection. Reduction of the part thickness will reduce the area of the compressive pressure being exerted on the actuator. However it is constrained in this case by the tooling available for manufacturing the molds. On the other hand, reduction of packing pressure may lead to incomplete filling of the mold. Therefore a numerical model of the motor casing and the pressure applied during polymer melt was developed using ANSYS 11.0 FEA software to quantify this interaction and determine the injection pressure needed for successful in-mold assembly of the actuator without preventing proper functioning of the actuator. The motor housing was modeled as a series of cylinders to reflect the actual part and applied boundary conditions. The housing thickness was measured to be 0.4 mm and modeled accordingly. Measurements of the motor coil inside the housing determined the clearance between these elements to be 0.25 mm in the radial direction. It was assumed that the actual deformation should not exceed 1/3rd of the clearance value to practically ensure the functionality of in-mold assembled part.
The ANSYS model was meshed with SOLID92 elements, and material properties for steel were used for the metal housing (Young's Modulus of 200 MPa and Poisson's ratio of 0.27). The boundary conditions applied were zerodisplacement of the cylindrical part of the housing tightly constrained by the mold cavity and a pressure applied to the neighboring cylindrical segment, which was exposed to the injection pressure during the in-mold assembly process. Figure 15 shows the part dimensions and a schematic of the applied boundary conditions.
As a result of the ANSYS FEA, the acceptable pressure applied to the motor housing during the in-mold assembly process was determined to be 5.59 MPa, which resulted in a permanent deformation of 0.087 mm that was within the acceptable range. Moldflow simulations were performed to ensure this value will result in complete mold filling.
After determining the appropriate injection pressure to maintain actuator functionality, motor holders were manufactured using the in-mold assembly process. The in-mold assembly mold setup is shown in Fig. 16 and the successfully in-mold assembled parts are shown in Fig. 17 . The injection parameters used for the in-mold assembly process are listed in Table 6 .
For the heat dissipation experiment, a load was applied to the motor shaft to generate maximum power. With careful control of the voltage supplied to the motor and the current drawn, it was possible to maintain a constant power of 1.5 W. An Omega® 5TC-GG-K-20-36 thermocouple was used to measure the surface temperature of the embedded DC motors. The results of the experiment are listed in Table 7 . The thermal studies were modeled using the approach described in Section 3 except for the following: 1) a different geometry was used for the encasing polymer;
2) the resistor was replaced with the pager motor assembly;
3) there was no void structure around the motor assembly.
For the unfilled polymer sample, the FEA prediction of the embedded motor temperature was 102°C, which was 6% more than the measured value. For the filled Nylon 12 sample, where thermal conductivity was modeled to be 4 W/m-K in all principal directions, the FEA result was 68.9°C, which was 5% more than the measured value. The accuracy of these results were consistent with the previous experimental and numerical comparisons. Thus, this case study clearly shows that embedding the DC pager motor in a thermally conductive filled polymer results in reduction of its working temperature by 46% when compared to the bulk polymer casing. This further proves the concept that thermally conductive polymers are more effective in terms of heat dissipation, and hence are the material of choice for building multi-functional structures with embedded actuators. The modeling approach was also established for enabling feasible design of embedded actuators using the in-mold assembly process. This paper describes a systematic approach for designing multi-functional, filled polymer structures with embedded actuators using in-mold assembly process to facilitate the miniaturization of devices. The novel aspects of this work include: (1) determination of effective thermal conductivity of filled polymer composites for heat dissipation task and (2) determination of design and processing conditions to ensure survivability of the embedded actuator using in-mold assembly process through concurrent optimization of choice of material, size of the structure and processing conditions. The method described in this paper is applicable to any multi-functional structure with embedded actuators that can be manufactured using filled polymers and in-mold assembly process. We have described an integrated design methodology for these structures taking into account: (1) selection of a moldable material for ensuring thermal performance, (2) a mold design for successfully realizing in-mold assembly, (3) influence of gate placement on thermal performance, and (4) influence of processing conditions on survivability of the embedded actuator. The following new results are reported in this paper. First, we present an integrated thermal modeling methodology for designing multi-functional structures using filled polymers under functionality and moldability constraints. Second, we use this methodology to assess effective thermal conductivity of filled polymers for the heat dissipation task. Next, we determine the influence of the fiber orientation on the functionality of filled polymer structures for embedding actuators. Finally, we describe an approach for determining processing conditions resulting in successful in-mold assembly of embedded actuators.
Our design framework was experimentally verified to be sufficiently accurate for predicting thermal behavior of filled polymer multi-functional structures. The use of these thermally conductive polymers resulted in significant improvement in dissipation of heat from actuators embedded in the structure when compared to unfilled polymers. The influence of gate placement was determined to be of minor significance on the heat-dissipation task. Once a critical level of thermal conductivity of the polymer is reached, there exist a heat-transfer path and natural free convection becomes the bottleneck for the dissipation of heat from embedded actuator. Therefore we have shown that tedious and computationally-expensive modeling of fiber orientation resulting from process design is not necessary from the thermal management point of view, as long as thermal conductivity of the polymer exceeds 2 W/m-K. Successful in-mold assembly of an example multifunctional structure consisting or an actuator embedded in a motor holder assembly was obtained through optimal design of the structure and processing conditions for the choice of filled polymer. Therefore, we have been able to demonstrate the feasibility of designing multi-functional structures from filled polymers by embedding actuators using in-mold assembly to facilitate the miniaturization of devices. 
